Different sputtering methods, viz. rf-diode, rf-magnetron, and dc-magnetron sputtering, have been used to increase the sensitivity of Co/Cu/Co/FeMn top spin valve systems by more than a factor of 2. This improvement is due to an enhanced magnetoresistive effect ⌬R/R and a reduced anisotropy field H k for the best sample. In the present paper the transport and magnetic properties are discussed in the context of microstructure and interfacial quality of the multilayers evaluated by comprehensive transmission electron microscopy and x-ray reflectometry investigations. The sample with the highest sensitivity ͑dc-magnetron sputtered͒ shows less structural defects and locally smoother interfaces than the other samples. Additionally it is shown that the ferromagnetic interlayer exchange field is not affected by the applied sputtering methods and can be well understood in terms of orange peel coupling.
I. INTRODUCTION
Spin valve multilayers 1 utilizing the giant magnetoresistive ͑GMR͒ effect 2, 3 are most promising with respect to applications in magnetic recording heads and magnetic sensor systems. To optimize the sensitivity of spin valve sensor elements appropriate film materials have to be chosen. Considerable research has been performed and is still ongoing to find optimal layer materials for the buffer layer as well as for the different magnetic sublayers. In addition it is necessary to understand the correlations between microstructure and interface quality on the one hand and magnetic and transport properties of the spin valve layer stack on the other hand. 4 Microstructure and interface quality can be influenced by the deposition method and the deposition parameters. For FeMn exchange biased spin valve systems based on a Co/Cu/Co layer stack the influence of varying the process gas and the pressure in dc-magnetron sputtering 5 has been investigated. For ion beam sputtering, the influence of different ion beam energies 6 and differences in the microstructure and interface quality between dc-magnetron and ion beam-sputtered systems 7, 8 have been reported. In the present study conventional sputter deposition is used and the deposition conditions ͑rf diode, rf magnetron, dc magnetron͒ for the ferromagnetic Co layers and the spacing Cu layer in Ta/Co1/Cu/Co2/FeMn/Ta top spin valves are varied systematically. Here Co1 designates the free layer and Co2 stands for the pinned layer.
In combining global ͑x-ray diffraction in the high-angle and low-angle regimes͒ and local methods ͑transmission electron microscopy͒ we probe the interface properties, the crystallographic texture, grain size and grain shape, as well as crystallographic defects. Special attention is directed to the interfaces, in particular any atomic intermixing there, and to the influence of orange peel coupling. 9, 10 The microstructural and interfacial parameters are correlated to the transport properties, i.e., the GMR effect measured as ⌬R/R, and to the magnetic properties that determine the sensitivity of the spin valve system, i.e., the magnetic interlayer coupling H e between the free and the pinned layer and the anisotropy field H k .
II. EXPERIMENT
A set of Co͑4.4 nm͒/Cu͑2.5 nm͒/Co͑4.4 nm͒/FeMn͑10.0 nm͒ top spin valve systems has been prepared in a sputter deposition tool under conditions close to industrial fabrication. As substrates 3 in. Si wafers coated with 100 nm Al 2 O 3 were used. Prior to deposition of the spin valve a 5.2 nm Ta buffer layer was deposited by rf-diode sputtering to achieve a good texture. All samples were capped by a 5.2 nm Ta layer deposited by rf-diode sputtering to prevent oxidation. For the Co and Cu layers three different sputter regimes were used ͑Table I͒: The Co and Cu layers were deposited either with dc-magnetron sputtering ͑''dc sample''͒ or with rf-diode and rf-magnetron sputtering, respectively ͑''rf sample''͒. third regime, the Co layers were prepared by rf-diode sputtering and the Cu layer by dc magnetron sputtering ͑''rf/dc sample''͒. The FeMn layer was deposited by rf-diode sputtering. During sputtering of the Co and FeMn layers, in all cases a magnetic field of 1.25 kA/m was applied. An identical set of samples without the FeMn layer was prepared for an extended investigation of the Co1/Cu/Co2 system.
For the transmission electron microscopy ͑TEM͒ investigations a Philips CM20T was used at a primary beam energy of 200 keV. The TEM samples were prepared in planar and cross-section geometry by standard grinding and ionmilling ͑BAL-TEC RES100͒ procedures. X-ray diffractometry in the low-angle regime ͑reflectometry͒ was performed in a two-circle diffractometer equipped with a copper tube using a quartz monochromator on the primary side to yield a highly coherent and monochromatic Cu K ␣1 beam. For magnetic characterization a longitudinal Kerr tracer was used applying a specially developed ROTMOKE method 11 for a highly accurate H k determination. A B-H loop tracer that was additionally equipped with a four point probe was used to perform the ⌬R/R measurements.
III. RESULTS

A. Transport and magnetic properties
An overview of the determined magnetic and transport properties of all samples is given in Table II . ⌬R/R curves as a function of the applied magnetic field are shown in Fig. 1 for the rf/dc and the dc samples.
⌬R/R is highest for the dc sample ͑10%͒, whereas the rf/dc and the rf samples display a ⌬R/R of only 7%. At the same time the electric sheet resistance R ᮀ , the coercive field H c and, most significantly, the anisotropy field H k are lower for the dc sample compared to the rf and rf/dc samples. The ferromagnetic coupling strength H e between the pinned and free Co layers is in all samples comparable, amounting to about 17.0 Oe.
Concerning the sensitivity, the dc sample has a 140% higher sensitivity (⌬R/R) max /H k than the rf and rf/dc samples due to the higher (⌬R/R) max and the lower H k values of the former sample.
B. TEM investigations
TEM investigations permit the investigation of the features of the local microstructure in a direct way. First the results obtained on samples prepared in planar geometry are discussed. Emphasis is laid on determining the crystallographic orientation by electron diffraction. Subsequently, the results obtained on the same samples but prepared in cross section will be discussed.
Investigations of the lateral grain size on samples prepared in planar geometry ͑Fig. 2͒ revealed that samples without a FeMn layer have smaller grains ͑about 9 nm͒ compared to samples with a FeMn layer ͑about 15 nm͒. However, the grain size does not depend on the sputtering regime.
It is essential for a good exchange coupling to have a ͑111͒ texture 7 of the FeMn layer. To check the crystallographic orientation we performed electron diffraction on the samples prepared in planar geometry. As an example, the diffraction pattern of the rf/dc sample with a FeMn layer is shown in Figs. 3-5 together with the performed indexing. We will first discuss ͑i͒ the ring pattern that was shown to correspond to Co, Cu, and FeMn. This will be followed by the interpretation of ͑ii͒ the Ta rings.
͑i͒ In the case where the sample normal is oriented parallel to the electron beam, the diffraction pattern is dominated by two strong ͑220͒ rings ͑enlarged on the left-hand side of Fig. 3͒ . These rings correspond to a polycrystalline ͑111͒-textured fcc FeMn layer and to a polycrystalline ͑111͒-textured fcc Co1/Cu/Co2 layer stack. The indexing was confirmed on the samples without a FeMn layer. Here, the inner of the two strong rings is missing ͑not shown here͒. The ͑111͒ fiber textures are rather strong. A sign of this is the absence of the ͑111͒ and ͑200͒ rings. This is confirmed even more impressively by tilting the sample 45°with respect to the electron beam ͑Fig. 4, indexing of the lower part͒. The continuous ring system has disappeared and a nearly pointlike diffraction pattern has occurred indicating the excellent texture. The spots can be evaluated by a standard procedure 12, 13 resulting in the suggested textures for FeMn and Co/Cu.
In terms of magnetic characterization the number of structural defects is of particular interest. Within polycrystalline samples defects of high density are difficult to detect and quantify. However, as shown in Fig. 3 , in all samples a diffraction ring system was found that can be shown to stem from a strongly textured ͑001͒ Co hcp system, as indicated by a strong ͑100͒ hcp ring and a ͑110͒ hcp ring. ͓The latter is identical to the ͑220͒ fcc ring of a corresponding fcc system͔. All other rings of this system are suppressed. Again, the tilting of the sample by 45°confirms this excellent texture ͑Fig. 4, indexing of the upper part͒. In conclusion, these measurements reveal that the Co1/Cu/Co2 stack is polycrystalline and strongly ͑111͒ fcc fiber textured, but with quite a significant part growing strongly ͑001͒ hcp fiber textured. The latter part can be considered to originate from stacking faults of a rather high density.
͑ii͒ The interpretation of the Ta ring is not so straightforward. Sputtered tantalum is known to grow in two forms: a metastable tetragonal phase ͑␤-Ta͒ with the lattice parameters aϭ0.534 nm and cϭ0.994 nm, and a bcc phase ͑␣-Ta͒ with aϭ0.3306 nm. Additionally it is known from TEM investigations that tantalum, deposited as a thin layer on an amorphous substrate, grows amorphous or at least nanocrystalline. 4,14 -16 Indeed the inner ring of the ring pattern, which can be identified with Ta, looks broader than the other rings. However, it is not as diffuse as it would be if it stemmed from an amorphous system, which indicates that the Ta is at least nanocrystalline. This conclusion is backed if the sample is tilted 45°with respect to the electron beam: Now the diffraction pattern becomes sickle shaped indicating a certain texture of a crystalline tantalum phase. Furtheron, a second sickle-shaped ring pattern occurs ͑Fig. 5͒. Using the additional spots from silicon ͑in case of 45°tilting͒ as a calibration, the lattice spacing corresponding to these two rings can be determined as 0.246 ͑Ϯ0.005͒ nm and 0.223 ͑Ϯ0.005͒ nm, respectively. These lattice spacings can be attributed to the ͑004͒ and ͑104͒ ring of the ␤-Ta. Thus ␣-Ta can be excluded. This information together with the ring patterns indicates a weak ͑100͒ textured ␤-Ta phase. This ͑100͒ texture is in agreement with x-ray investigations of thin tantalum films sputtered on amorphous SiO 2 substrates. 17 Considering now the cross-section samples we first discuss the samples grown without a FeMn layer followed by the samples with the FeMn layer. Since the microstructure of the Ta layer is not of primary concern with respect to the magnetic and electric properties, it is discussed at the end of this section.
As expected from Co/Cu multilayers all investigated samples show that the Co1/Cu/Co2 stack consists of columnar grains. Most of the grains extend vertically over the whole Co1/Cu/Co2 stack. This can be seen from bright field and dark field images ͑Fig. 6͒. The pronounced texture can be visualized by the dark field image ͓Fig. 6͑b͔͒. The lateral size of the grains can be estimated to be around 8 nm, confirming the value deduced from the plan-view images. Since the diffraction contrast in TEM imaging is related to the atomic number of the material, there is no intensity difference expected between the Co (Zϭ27) and Cu (Zϭ29) layers, when optimum focus conditions are used. However, utilizing the Fresnel contrast by choosing a strong defocus the layer structure can be visualized ͑Fig. 7͒. It is, however, not possible to determine the roughness at the Co1/Cu and Cu/ Co2 interfaces from these images in a direct way. However, looking at the Co2/Ta interface, there are significant differences between the rf and rf/dc samples on the one hand and the dc sample on the other hand. The rf ͓Fig. 8͑a͔͒ and rf/dc ͓Fig. 8͑b͔͒ samples show a rather bumpy interface. The individual grains have a different height and there are dips in between the grains indicating a grain grooving during growth. The maximum height difference is of the order of 1 nm. In the dc sample the interface between Co2 and Ta looks smoother ͓Fig. 8͑c͔͒.
In the samples with a FeMn layer on top of the Co1/Cu/ Co2 stack, many grains are still extending throughout the whole Co1/Cu/Co2/FeMn stack in a columnar manner ͑Fig. 9͒. However, the FeMn grains are on average larger in lateral dimension compared to those of the Co1/Cu/Co2 stack and can be estimated to be around 15 nm, in agreement with the plan-view investigations ͑cf. Fig. 2͒ . This information can be extracted in particular from the bright field images ͑Fig. 10͒. A reason for this behavior is obvious from the encircled part of Fig. 9 . With increasing distance from the Co2/FeMn interface the FeMn grains become larger in the lateral direction. The waviness of the FeMn/Ta interface is significantly larger compared to the sample without FeMn, with a maximum height difference of the order of about 2 nm. This high roughness of the FeMn layer has also been observed in dcsputtered NiFe/Co/Cu/Co/NiFe/FeMn spin valves. 8 The Ta buffer is nanocrystalline and homogeneous as can be seen from dark field images ͓Fig. 6͑c͔͒. The Ta capping layer is also nanocrystalline but it is divided into two parts. The first part directly on the FeMn or Co2 layers has the same contrast as the buffer layer, indicating a pure Ta layer. The second part that appears lighter in the bright field images ͑because of the incorporation of lighter elements͒ is identified as tantalum oxidized from its surface. The total thickness of both the Ta and the oxidized Ta layers is on the order of 7 nm, which is larger than the nominal thickness of 5.2 nm. This volume increase of the Ta capping layer is well known and was reported before. 18, 16 It is worthwhile to note that the Ta capping layer smoothes the surface roughness compared to the buried Co2/Ta or FeMn/Ta interfaces. However the roughness of the Ta surface is increased in the case of samples with the FeMn layer compared to the samples without the FeMn layer.
C. X-ray reflectometry
X-ray reflectometry ͑diffraction at small angles͒ has gained considerable attention in the last few years since it allows one to get access to the properties of buried layers and is nondestructive. 19 By help of scans in a specular -2 geometry the electron density gradient in the vertical direction is probed. A theory based on an optical approach utilizing the Fresnel formulas 20 allows an accurate determination of the layer thickness. In principle it is also possible to determine the interface roughness of each individual layer. However, a model of the roughness has to be applied. We use   FIG. 7 . TEM bright field cross section image of the dc sample without a FeMn layer taken in a strong defocus to visualize the layer structure. the most common model of a continuous density gradient in vertical direction at each interface 21 yielding a rms roughness characterized by the parameter . There are two principle implications in the interpretation of the roughness values. First the data are averaged in the lateral direction over some micrometer giving no local information, for example, on interface replication or grain size. Second due to the averaging of the electron density in the horizontal direction it is not possible to decide whether the estimated roughness value is caused by a structural roughness or by interdiffusion ͑chemi-cal mixing of atoms͒.
Our fits were performed using the software package REFSIM. 22 The fitting was separated into two steps. In the first step we fit the roughness and thickness of the individual layers of each sample without the FeMn layer. In the second step we fit the samples with FeMn layers. To get a consistent data set and to reduce the free parameters we used the determined values of roughness and thickness of the Ta buffer layer and the Co1 and Cu layers of the corresponding samples without the FeMn layer as fixed values and varied only the thickness and the roughness of the Co2 layer and the Ta capping layer. Since corresponding samples with and without FeMn were sputtered in the same run this procedure is justified. With this method we attained very good fits of all curves as can be seen from the examples in Fig. 11 . The determined thickness and roughness are summarized in Table  III . Although the determination of the thickness and roughness by x-ray reflectometry is in principle very accurate for each individual layer, the resolution for a given stack depends strongly on the order of subsequent layers, i.e., on the density gradient between the individual layers and how the signals from different interfaces interfere. In our case the reliability is on the order of Ϯ0.1 nm for the determination of the roughness and of Ϯ0.2 nm for the determination of the thickness of each individual layer.
We begin our discussion with the interface between the Ta buffer and the Co1 layer. Whereas the samples where the Co1 layer was deposited by rf-diode sputtering show a similar roughness of about 0.5 nm, the sample deposited by dcmagnetron sputtering showed a significantly smaller roughness of about 0.35 nm. This is an indication to the interface being more intermixed in the case of rf sputtering. A reason for this can be a lower ion energy in the dc mode and also a lower ion impact, since for the dc process the plasma is more concentrated and located closer to the cathode compared with rf sputtering. Although there are differences in the interface roughness between the free Co1 layer and the Cu spacer layer depending on the sputtering regime, and although there is a different additional roughness increment at the interface to the Co2 layer when the Cu is deposited by dc-magnetron sputtering ͑dc and rf/dc sample͒ compared to rf-diode sputtering, this is within the uncertainty of the method. So we think the only conclusion which can be drawn from these data is that the interface roughness increases from the Co1/Cu to the Cu/Co2 interface.
Next we discuss the interface of the Co2 layer. Here, TEM in cross section revealed significant differences in the local interface structure in case of samples without the FeMn layer between the dc sample on the one hand and the rf/dc and rf samples on the other hand ͑Fig. 8͒. However, this different local behavior does not affect the global rms roughness determined by x-ray reflectometry. The latter is independent of the sputter regime and has a value of about 0.9 nm. The value is rather high leading us to the assumption that there is an intermixing between Co and Ta. Indeed, if the Co2 layer is followed by a FeMn layer the rms roughness is reduced to about 0.65 nm in the Ta/Co1/Cu/Co2 stacks sputtered in the same run. Since Co and FeMn should not chemically intermix, and bearing in mind that reflectometry cannot distinguish between intermixing and structural roughness, this indicates an interdiffusion zone between Co and Ta. The FeMn/Ta interface roughness was determined to be around 1.1 nm independent from the preparation method. This value matches the TEM cross-section results and is in agreement with reflectometry measurements for FeMn grown on NiFe presented by Huang et al. 18 Finally let us discuss the Ta capping layer. It turned out that in order to obtain reasonable results of the fitting procedure, the Ta layer has to be treated as a double layer consisting of a pure Ta sublayer and an oxidized Ta sublayer. This is in agreement with the TEM investigations presented previously. As already suggested by cross-sectional TEM, the Ta capping layer smoothes the surface compared to the buried interfaces.
From x-ray measurements in the specular regime we determined the global interface roughness of each individual layer. However, from the point of view of magnetic characterization the so-called orange peel coupling is of interest. This effect originates from the replication of the interface topologies rather than by roughness. To probe this, nonspecular x-ray scans, i.e., , are suitable. 19 Figure 12 reveals that there are no significant differences occurring around the specular peak of the different samples. However, due to the background noise we were not able to obtain further information that may be hidden in the rest of the spectrum.
D. X-ray diffraction in the high-angle regime
X-ray diffraction in the high-angle regime allows additional information to be obtained on the texture in the samples. Moreover, it permits a qualitative comparison of structural defects by evaluating rocking scans and lattice constants. As already revealed by TEM, a pronounced ͑111͒ texture in all samples is also obtained from the -2 x-ray diffraction scans. This is confirmed by rocking scans showing a small full width at half maximum ͑FWHM͒. However, the smallest FWHM was found in the rf and rf/dc samples, whereas the dc sample was slightly worse. Samples with FeMn show smaller rocking curves ͑FWHM around 2.5°͒ compared to the corresponding ones without FeMn ͑FWHM around 4.2°͒. This is in agreement with the TEM findings according to which the grains in the Co1/Cu/Co2 stack are laterally smaller than the FeMn grains grown on top.
The determined lattice spacings ͑Fig. 13͒ of the predominant peak in the Co1/Cu/Co2 samples without FeMn are significantly larger than the bulk value of Co fcc (a Co ϭ0.3537 nm), indicating a vertical expansion of the lattice due to defects and/or incorporation of impurity atoms. However, the lattice parameter is largest for the rf sample and smallest for the dc sample. Thus one may conclude that the dc sample has the lowest number of defects or impurity atoms.
In the samples with a FeMn layer the determined lattice spacings are always larger than those found in the Co1/Cu/ Co2 stack without a FeMn layer and slightly below the bulk value of the FeMn fcc phase. This can easily be understood bearing in mind that the signal stems mostly from the FeMn layer grown on top. Accordingly, the TEM finding due to which the FeMn layer and the Co1/Cu/Co2 stack grow with a different lattice constant is additionally backed.
IV. DISCUSSION
In this section correlations between microstructure and the transport and magnetic properties will be discussed. First the differences in the magnetoresistance ͑MR͒ ratio (⌬R/R) max between the dc sample and the rf and rf/dc samples are considered. Table III. A source for the lower MR ratio of the rf and rf/dc samples is the measured higher spin-independent electrical sheet resistance R ᮀ . Here besides impurities, grain boundaries and lattice defects like stacking faults can act as scattering centers. However, since the grain size is similar in all samples a different number of grain boundaries can be excluded. Whereas the degree of texture is nearly the same in all samples as can be seen from x-ray diffraction there can be some differences in the number of stacking faults not detectable with the applied methods. In particular the proportions of hcp and fcc phases can be different in the dc and rf samples. Since structural defects in Co can act as pinning centers for the magnetic domains in the reversal process the latter effect can also explain that the coercive field H c is lowest in the sample with the lowest number of defects, i.e., in the dc sample. A further source for an increased electrical resistance R ᮀ can be the presence of diffuse ͑i.e., ''intermixed''͒ interfaces reducing the transmission through the nonmagnetic Cu layer. Within the error limits of the estimation of interface roughness by x-ray reflectometry the interface-mixing is quite similar, so we exclude this effect, too. The enhanced mixing at the interface between the Ta buffer and the Co1 layer for the rf samples may lead to a reduced conductivity of the Co1 layer. However, the contribution of this effect to the sheet resistance should be about one order of magnitude lower than the experimentally observed value.
In addition to the effect discussed previously, an increased ⌬R can also contribute to a better MR ratio. This can be due to a reduction of the effective bulk spin-dependent scattering. Specular scattering of the spin-up electrons at the interfaces with the low-conductive layers ͑Ta and FeMn͒ can enhance the effective mean free path of the spin-up electrons increasing ⌬R. A condition for this is smooth interfaces. Indeed our TEM investigations revealed that in the dc sample the interface is locally smoother compared to the rf and rf/dc samples. So this effect may indeed contribute to the enhanced MR in the dc sample.
Another source for the low MR effect of the rf and rf/dc samples may be intrinsic effects like pinholes in the Cu layer, which may significantly destroy the spin asymmetry over a rather large area. Unfortunately pinholes cannot be detected by the methods we applied. Reflectometry is a global method   FIG. 13 . Variation of the ͑111͒ lattice constant of the samples without a FeMn layer as determined by -2 scans in the high-angle regime. averaging over large areas, so that it does not provide any local information. Although TEM is a local method allowing in principle the evaluation of the local layer structure, we were not able to visualize the individual layers in a quality necessary for the detection of pinholes due to the similar contrast of Co and Cu. Thus the presence of pinholes cannot be excluded. Let us now discuss the ferromagnetic exchange field H e between the Co layers. Ferromagnetic coupling H e hinders the free layer from following the applied field. As the main source for this coupling, magnetic free poles at the adjacent Co layers induced by interfacial waviness are discussed ͑Néel's orange peel coupling͒. 9, 23 Assuming a constant thickness of the Co layers and of the Cu layer and a constant saturation magnetization M of the Co layer, the coupling depends on the period of the waviness L and its peak-to-peak distance h:
Using the estimated lateral grain size of 9 nm as the period of the waviness, the double of the determined rms roughness ͑0.8 nm͒ as the peak-to-peak distance h, the known thickness of the layers ͑d Co ϭ4.5 nm, d Cu ϭ2.2 nm͒, as well as a saturation magnetization of 1.6 kOe we can estimate H e to be 20 Oe. This corresponds quite well to the measured value of 17 Oe, if one bears in mind that H e is quadratic in h and hence the value depends strongly on the estimated peak-to-peak distance. A peak-to-peak distance of 0.6 nm would yield nearly half the value ͑11 Oe͒. An error of 0.1 nm in the rms roughness is within the uncertainty of the determination of the interface roughness in reflectometry. Another argument has to be taken into account when discussing the reflectometry data: With the global method of x-ray reflectometry in the specular regime, only the mean rms roughness over a vertical area of some micrometers is probed. No direct information on the replication of the local interface topologies of the Co1 and the adjacent Cu layer is obtained. Thus it is possible that despite similar rms roughnesses there is a different replication of the interfacial topologies. However, from TEM cross-section images we find that the Co1/Cu/Co2 stacks grow mostly in a columnar manner. Accordingly we may conclude that there is a good replication of the interfacial topology. The second possible source for a ferromagnetic coupling are pinholes in the Cu layer. For a discussion of their possible occurrence see the previous discussion. Although we cannot exclude pinholes as an alternative source for the ferromagnetic coupling field we think that the latter is mainly determined by orange peel coupling.
Finally, the observed difference in the anisotropy field H k is certainly determined by the structural properties of the Co layers. Variations in the shape of the grains or in the in-plane texture, or variations in the fcc/hcp phase proportions can strongly influence H k . Unfortunately, all these possibilities cannot be evaluated with the applied methods at a sufficient resolution. However, a reduced proportion of the hcp phase in the dc sample can explain the reduced H k and is in agreement with the above-given discussion for (⌬R/R) max .
V. SUMMARY
Microstructure-property relations of sputtered spin valve systems have been investigated both on a global and local scale. A comprehensive picture of the structure of the spin valve stack has been obtained as described in the following. On a nanocrystalline, textured ␤-Ta buffer layer a strongly textured Co1/Cu/Co2 stack grows, which consists of a ͑111͒-textured fcc majority phase and a non-negligible ͑001͒-textured hcp minority phase. The grains extend vertically throughout the stack and have a lateral grain size of about 9 nm. The rms roughness of the interfaces gradually increases from the free Co1 and the Cu layer to a value of 0.65 nm between the pinned Co2 and the antiferromagnetic FeMn layer. The surface of the Co1/Cu/Co2 stack is locally smoothest in the dc sample. The top FeMn layer on all samples consists of strongly ͑111͒-textured fcc grains with enhanced lattice spacings compared to the Co1/Cu/Co2 stack. Additionally the lateral grain size of the FeMn layer is larger ͑about 15 nm͒ than that of the Co1/Cu/Co2 layer stack. The surface shows a rms roughness of about 1.1 nm. Grain size and roughness may be explained by a growth mechanism where the FeMn grains become laterally larger with increasing distance from the Co2/Ta interface. The final Ta capping layer is divided into a pure Ta layer and an oxidized Ta, which smoothes the surface.
The sensitivity of the spin valve depends strongly on the sputtering method and is clearly highest ͑by more than a factor of 2͒ in the sample with a dc-magnetron sputtered Co layer, both due to a higher MR effect and a lower anisotropy field. The main reason for this is the microstructure of the Co layers, in particular the reduced number of structural defects in the dc-sputtered Co layers compared to rf-sputtered Co layers. This reduction is most probably due to a decreased proportion of the hcp phase in the dc-sputtered Co layers. Additionally, in the dc sample the locally smoother Co/FeMn interface may enhance the spin-dependent scattering. The differences in the number of defects, in the hcp proportion, and in the smoothness of the interfaces are most probably caused by the lower ion energy and lower ion impact in the dc mode, since during the dc process the plasma is more concentrated and located closer to the cathode compared with rf sputtering.
The ferromagnetic exchange coupling was similar in all samples. Considering the determined interface roughness and the grain size it can be explained by orange peel coupling excluding a ferromagnetic bridging.
